Abstract This study aimed to assess the effect of the foliar application of ascorbic acid (AA) and citric acid (CA) on total antioxidant activity (TAA), total phenolics, total flavonoids, total anthocyanin content, antioxidant enzymes, phenylalanine ammonialyase (PAL), and polyphenol oxidase (PPO) activities in apple 'Red Spur'. The experiment was conducted on 12-years-old trees 'Red Spur' grafted on MM 106 rootstock. The trees were sprayed with AA (0, 200 and 400 mg L -1 ) and/or CA (0, 200 and 400 mg L -1 ) at three different times during summer. Foliar application with AA and CA significantly (p \ 0.01) enhanced all measured quality attributes and decreased the activity of PPO. Fruit from trees treated with AA at 400 mg L -1 and CA at 200 mg L -1 showed the highest TAA and catalase (CAT) enzyme activity. Total phenolics increased in fruits when trees were sprayed with AA and CA. Contrasting, AA treatment, CA had no significant effect on guaiacol peroxidase (G-POD). A significant decrease in PPO activity was detected in fruits when treated with both AA and CA. Both treatments significantly decreased the activity of PAL at 400 mg L -1 . Considering the results, foliar application of AA and CA, either alone or in combination improved the quality and nutraceutical properties of 'Red Spur' apple.
Introduction
Apple (Malus domestica Borkh.) is one of the most widely cultivated fruit crops and most commonly consumed fruits in the world (Shoji et al. 2004; Francini and Sebastiani 2013) . The fruit is important for essential active bio-compounds such as antioxidants, vitamins and phenolic compounds due to the potential to decrease the risk of diseases (Francini and Sebastiani 2013) . Besides the genetic, cultural practices may dramatically affect the fruit quality and its active bio-compounds. For this reason and increased public information about the benefit of fruit bio-compounds, consumers are giving more attention to nutraceutical properties of fruits. Apples are rich in antioxidants, flavonoids, anthocyanins, vitamin C, phenolics and some other important bio-compounds. Increasing fruit quality and nutraceutical properties can be important for enhancing the whole economic production for the growers (Shoji et al. 2004; Francini and Sebastiani 2013) . Using chemicals in crop production systems have been highly restricted in recent years, due to adverse effects on human health and environment safety. It is necessary to introduce safe and environmental friendly compounds and their application methods to the cropping production systems (Calo et al. 2015) . A new approach to enhance crop quality and bioactive compounds is the use of plant growth regulators (PGRs). Some PGRs and natural compounds such as salicylates, nitric oxide, jasmonates, brassinostroides, ascorbic acid (AA) and citric acid (CA) have been shown to improve the yield and quality of various crops (Gomez and Lajolo 2008; Asghari and Rashid Hasanlooe 2015) . It has been shown that both AA and CA have substantial roles in many metabolic and physiological processes such as cell enlargement and division, resulting in increased biomass, and increased photosynthesis rate (Fayed 2010) . EL-Badawy (2013) reported that AA and CA had improved vegetative growth traits such as shoot length, leaves/shoot ratio, leaf area index as well as fruit characteristics such as TSS, vitamin C, Brix, and fruit firmness on apricots cv. Canino.
Ascorbic acid and CA are both antioxidants and antistress agents, and also act as a signaling molecule in some plant physiological processes and defense mechanisms (ElKobisy et al. 2005) . Positive roles of such antioxidants in scavenging or chelating the free radicals and activating the natural resistance against different biotic and abiotic stresses have been reported in several fruit trees (Rao et al. 2000) . Ascorbic acid is considered as a PGR, playing an important role in cell division and differentiation by promoting the progress from G 1 to S phase of the cell cycle and also acts as a co-factor for many enzymes such as hydroxylase enzymes (Elad 1992) . Due to its role as a cofactor in the biosynthesis of phytohormones such as gibberellins, ethylene and abscisic acid, AA has an important regulatory role in many physiological and biochemical process of plants. Citric acid plays an essential role in some signal transduction systems, membrane stability and function, transporter enzymes activation and metabolism, and translocation of carbohydrates (Smirnoff 1996) . Since they have stimulatory effects on growth and productivity of most fruit trees, AA and CA are considered to have auxinic actions (Ragab 2002) . At the same time, these antioxidants, as natural compounds are safe for human, animals, and environment. Since natural compounds and antioxidants are more readily acceptable than synthetic ones, these compounds can be considered as good alternatives to chemicals in agricultural production systems (Asghari and Rashid Hasanlooe 2015) .
Exogenous AA has been reported to increase the number and weight of clusters, total yield, berry juice, TSS, TSS/ TA ratio, and total sugars in 'Banaty&and 'Flame seedless& table grapes (Wassel et al. 2007 ). Also, the positive effects of exogenous AA and CA on fruit quality have been reported on 'Anna' apple (Ahmed et al. 1997 ) grapevine (Fayed 2010) , and mango (Mansour et al. 2010) . Application of CA on 'Golden Delicious' apples has been shown to improve CAT enzyme activity (Yoruk et al. 2005) . It has been demonstrated that treatment of plants with AA and CA may significantly enhance fruit quality characteristics such as antioxidants, TSS, total acidity, total sugars, vitamin C level, and improve crop yield in different horticultural crops (El-Hifny and El-Sayed 2011). Ascorbic acid treatment increased the activity of antioxidant enzymes in sugarcane plants under salinity stress condition (Ejaz et al. 2012) . The effects of foliar spray with ascorbic acid on antioxidant enzymes activities, lipid peroxidation and proline accumulation in canola (Brassica napus L.) under salt stress conditions has been reported (Dolatabadian et al. 2008 ). In last decades, fresh food consumers exhibited a superior attention to human health and the environment. These triggered enthusiastic to find alternative approaches for producing ''consumer friendly'' food in commercial scales. Since not much information is available regarding the effects of AA and CA on apple fruit active bio-compounds, the present study was conducted to determine the effect of foliar spray with AA and CA on fruit quality, total antioxidant activity, total phenolics, flavonoids and anthocyanin contents, CAT, G-POD, PPO and PAL enzymes activity in 'Red Spur' apples.
Materials and methods

Sample preparation and treatments
The study was conducted in a standard research apple orchard located at research field at the Urmia University, Iran, 12-years-old apple trees (Malus domestica cv. 'Red Spur') grafted on MM 106 . All trees were irrigated by drip irrigation system and received similar standard cultural practices adopted in the orchard. The foliar parts of trees were sprayed with ascorbic acid (AA) (Merck, KGaA, Germany) at 0, 200 and 400 mg L -1 , citric acid (CA) (Merck, KGaA, Germany) at 0, 200 and 400 mg L -1 ) and the combinations of these treatments at three different times (on July 30, August 25 and September 20) and each tree was sprayed with 5 L of these solutions. Each treatment was conducted on four trees (each tree was considered as a replication). Control trees received no treatments. Fruits were harvested on October 5 at commercial maturity stage (20 fruits from each tree) and transported to the postharvest laboratory of Department of Horticultural Sciences, Urmia, Iran.
Determination of TAA
For determination of TAA, TP, TF and different antioxidant enzymes activity, the juice of 5 fruits including fruit flesh and peel was prepared and homogenized. Total free radicals scavenging activity was measured according to the method of Nakajima et al. (2004) with some modifications reported by Chiou et al. (2007) . Fifty microliters of the diluted extracts (concentrations 2-20 mg mL -1 ) were added to 1 mL of 6 9 10 -5 mol L -1 DPPH (free radical, 95%, Sigma Aldrich Chemie GmbH, Steinheim, Germany) in methanol. The mixture was shaked and left at room temperature for 30 min. The absorbance was measured by a spectrophotometer (UNICO UV-2100, Shanghai China) at 515 nm. Methanol was used as background correction. The percent of the reduction in DPPH was calculated according to the following equation, where Abs control is the absorbance of DPPH solution without extract.
Determination of total phenolics (TP) and total flavonoids (TF) contents TP content was determined using Folin-Ciocalteu reagent, as described by Slinkard and Singleton (1977) . Gallic acid (GAE) was used as standard and results were expressed as mg gallic acid per 100 g fresh weight (FW) basis. Total flavonoids content of fruits was determined by a colorimetric assay according to the method described by Youngjae et al. (2007) . One-milliliter aliquot of the appropriately diluted sample was added to a 15 mL tube containing 4 mL of deionized water. Then 0.3 mL of 5% NaNO 2 was added to this mixture, which was allowed to stand for 5 min at room temperature, and 0.6 mL of 10% AlCl 3 Á6H 2 O was added. The mixture was allowed to stand for 6 min at room temperature, and 2 mL of 1 mol L -1 NaOH was added, and the volume was made up to 10 mL with deionized water. The absorbance of the solution was measured immediately at 510 nm. The results were expressed as catechin equivalents using a standard curve prepared from authentic catechin.
Total anthocyanin content (TAC)
TAC in fruit peel was determined according to the method of Fuleki and Francis (1968) with minor modifications. To extract anthocyanin, 3 fruits from each replication, were chosen and peeled, 0.1 g of fruit peel tissue from each sample was ground in 10 mL acidified methanol (99:1, methanol: HCl) then the extracts were centrifuged at 6,0009g for 20 min and held at room temperature for 24 h in the darkness. After 24 h, the absorbance of the extract was measured at 510 nm. Distilled water was used as the blank.
Determination of antioxidant enzymes activity
Catalase (CAT) activity of all treated 'Red Spur' apple fruits was assayed according to the method of Aebi (1984) with some modifications using monitoring the disappearance of H 2 O 2 by recording the decrease in absorbance at 240 nm. The reaction mixture contained 2.5 mL sodium phosphate buffer (50 mM, pH 7.0) and 0.3 mL of enzymatic extract. The reaction was initiated by adding 0.2 mL of 1% H 2 O 2 . One unit of enzyme activity was expressed as the amount of the enzyme catalyzing the decomposition of 1 lmol H 2 O 2 per min at 30°C per mg of protein under the assay conditions (Aebi 1984) .
To determine guaiacol peroxidase (G-POD) activity, the reaction mixture contained 2.5 mL sodium phosphate buffer (50 mM, pH 7.0), 1 mL of 1% guaiacol, 1 mL of 1% H 2 O 2 and 0.1 mL of enzymatic extract. Final reaction volume was 3.0 mL. The increase in absorbance at 490 nm was recorded for 1 min using a Beckman DU-7, a spectrophotometer for expressing enzyme activity (Upadhyaya et al. 1985) .
Polyphenol oxidase (PPO) activity was assayed according to the method of Pizzocaro et al. (1993) . 2.5 mL of buffer (100 mM sodium phosphate, pH = 4.6, containing 50 mM catechol) was added to 0.5 mL of fruit extract obtained from 5 fruits. The homogenate was placed for 5 min in water bath at 25°C, and absorption changes in 3 min were measured at 420 nm. The linear section of the activity curve as a function of time was used to determine the PPO activity.
Phenylalanine ammonialyase (PAL) enzyme was extracted according to the method of Karthikeyan et al. (2006) . Fruit samples (1 g) were homogenized in 3 mL of ice-cold 0.1 M sodium borate buffer, pH 7.0, containing 2-mercaptoethanol 1.4 mM and 0.1 g insoluble polyvinylpyrrolidone. The extract was filtered through cheesecloth and the filtrate was centrifuged at 16,000g at 4°C for 15 min. The supernatant was used as the enzyme source. The activity of PAL was determined as the rate of conversion of Lphenylalanine to trans-cinnamic acid. A sample containing 0.4 mL of enzyme extract was incubated with 0.5 mL of 0.1 M borate buffer, pH 8.8, and 0.5 mL of 12 mM Lphenylalanine in the same buffer for 30 min at 30°C. The optical density (OD) value was recorded at 290 nm and the amount of trans-cinnamic acid formed calculated using its extinction coefficient of 9630 M -1 . Enzyme activity was expressed as nmol trans-cinnamic acid min -1 g -1 protein.
Statistical analysis
The experiment was arranged as a randomized complete block design (CRD) with a factorial combination of treatments and four single-tree replications of each treatment combination. Treatments were AA, CA, and their application rates. SAS, version 9.3 statistical software (SAS Institute, Cary, NC, USA) was used for analysis of variance (ANOVA), to test for main treatment effects and interactions and mean treatment differences among the treatments were tested at p B 0.01 by Duncan& s multiple range test.
Results
As shown in Table 1 , foliar application of AA and CA significantly enhanced TAA, TP, TF and TAC content of fruits (p \ 0.01). According to the results, the highest TAA content based on 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay was recorded in fruits of trees treated with AA and CA. The tested PGRs had higher effects at higher concentrations in enhancing TAA. With increase in AA and CA concentration, TP and TF content was increased but unlike TF content, CA was more effective than AA in enhancing TP content. The highest TF content was recorded in fruits treated with 400 mg L -1 AA. Foliar spray with AA and CA significantly increased the TAC of fruits (p \ 0.01). As shown in Table 1 , with an increase in AA and CA concentration, fruit anthocyanin content was increased, and the highest levels were recorded when the trees were treated with 400 mg L -1 of AA or CA. As shown in Fig. 1 , increase in CAT activity was observed with AA and CA treatments and AA was more effective than CA (p \ 0.01, Fig. 2 ). No synergistic effect was observed between PGRs in enhancing CAT activity. The highest CAT activity (4.41 U mg -1 protein) was recorded in combination treatment of 200 mg L -1 AA and 400 mg L -1 CA. According to data presented in Fig. 2 , AA at 200 and 400 mg L -1 enhanced G-POD activity in 'Red Spur' apple fruits (p \ 0.01) (1.39 lM/g FW/min). CA had no significant effect on G-POD activity (data not shown). As shown in Fig. 3 , significant differences were recorded between the PPO activities of treated and control apples (p \ 0.01). PPO activity was effectively decreased in all treatments. The lowest PPO activity was recorded in fruit treated with 200 mg L -1 AA. The maximum level of PPO activity was recorded in control fruit (Fig. 3) . PAL enzyme activity was significantly increased by both tested compounds but as shown in Fig. 4 , no significant differences were observed between same applied concentrations of AA and CA alone or in combination of them.
Discussion
Multiple antioxidant systems are involved in plants for scavenging reactive oxygen species (ROS) and free radicals (Foyer and Noctor 2000) . AA acts as a secondary antioxidant during reductive recycling of oxidized form of a-tocopherol, another lipophilic antioxidant molecule (Noctor and Foyer 1998) . In detoxification process, superoxide dismutase (SOD) converts superoxide radicals to H 2 O 2 at a very fast rate. The toxic H 2 O 2 should be eliminated through the action of CAT and other peroxidases by ascorbate-glutathione cycle (Mishra et al. 2006) . AA has been proved to increases the activity of ascorbateglutathione cycle and CAT in detoxification process pathway (Dixit et al. 2001) . AA and CA as antioxidants have anti-stress effects leading to the protection of photosynthetic pigments and photosynthesis systems of the leaves (Fayed 2010) . The role of AA in protecting plasma membrane and preventing of lipid oxidation during plant metabolism has been well demonstrated (Hegab 2000) . Also, AA and CA has been proposed to have roles in some signal transduction pathways leading to activation of secondary metabolism routes in plants and fruits (Smirnoff 1996) . The present study showed that foliar application of AA and CA, enhanced TAA and antioxidant enzymes activity. Our result is in agreement with Shalata and Neumann (2001) who reported that antioxidant activity and resistance of tomato seedlings (Lycopersicon esculentum Mill. cv. M82) increased under salt stress with AA treatment. The positive roles of antioxidants in maintaining the stability of cell membranes and walls may lead to increased (Elad 1992; Ezz et al. 2012; El-Badawy 2013; Shazly et al. 2013) . Phenolic compounds are the most important secondary metabolites in plants which act as natural antioxidants, free radical scavengers, and inhibitors of free radical production as well as stimulators for antioxidant synthesis (Hossain et al. 2009 ). Increase in total phenolics by AA and CA treatment might be due to the important role of these antioxidants in decreasing respiration process (Elad 1992) . Also, it has been demonstrated that both AA and CA could enhance the activity of PAL, the key enzyme responsible for phenolics biosynthesis in plants (Winkle-Shirley 2001) . Our results confirm the findings of Ezz et al. (2012) who reported an increase of phenolics in mango trees after treatment with AA and CA. Flavonoids are the most common and widely distributed group of plant phenolic compounds, produced in phenylpropanoid pathway. The major flavonoids in apple fruits are quercetin 3-glycosides, catechin, epicatechin, procyanidins, phloridzin and cyanidin-3-glycosides (Lancaster et al. 1994) . Our results showed that foliar spray with AA and CA significantly increased fruit TF content. AA and CA may enhance specific secondary metabolism including phenolics and flavonoids in plant tissues (Fayed 2010) . The positive effect of these antioxidants on total flavonoids production could attribute to an increase in PAL enzyme activity (Dutilleul et al. 2003) . Previous research indicated that AA has a positive effect on photosynthesis, stomatal conductance, respiration decrease, chlorophyll, leaf area and leaf weight (Zulaikha 2013) . AA has auxinic function and effective role in the biosynthesis of carbohydrates (Ragab 2002; Shazly et al. 2013) . Therefore, it may be possible soluble sugars, which are main substrates for biosynthesis of different secondary metabolites like flavonoids and phenolics, increase by AA and CA treatment. Apple fruit contains considerable amounts of anthocyanins, chlorophylls, carotenoids, and flavonols, which in combination together play the most important role in fruit color. In red apple cultivars such as 'Red Spur', anthocyanin is the main coloring agent (Honda et al. 2002) . The red color of the apple is due to the flavonoid cyanidin-3-galactoside located in the vacuoles of skin cells (Lancaster et al. 1994) . Because carbohydrates are the main substrate for anthocyanin synthesis, AA and CA have a positive effect on carbohydrate biosynthesis (Zulaikha 2013; Shazly et al. 2013) . Increase in anthocyanin production is the result of carbohydrate synthesis and PAL activity and both AA, and CA may have positive roles in increasing carbohydrate production and PAL activity (Farag and Nagy 2012). CAT and G-POD, as important enzymatic antioxidants, can scavenge the ROS and prevent oxidative burst (Zhang et al. 2009 ). The ROS when left unchecked cause oxidative damage resulting in lipid peroxidation, protein denaturation. ROS is also involved in natural and induced senescence and cell death in plants (Lai et al. 2011) . Our results showed that AA and CA significantly increased CAT and G-POD activity. AA is a major metabolite in plants that have antioxidant properties. It has been demonstrated that glutathione-ascorbate cycle and CAT activity may increase in the presence of ascorbic acid to cope with oxidative stress (Dixit et al. 2001 ). An increased activity of catalase and peroxidase enzymes by AA treatment has been shown in soybean under drought stress conditions (Haddadchi and Gerivani 2009) . It has been proposed that AA may enhance the CAT activity by decreasing pH of the cells (Yoruk et al. 2005) .
The presence of PPO in plant tissues causes a significant decrease in anthocyanin, leading to loss of color, flavor and nutritional value (Smirnoff 1995) . PPO is often activated during the ripening and senescence stage or stress conditions when the membrane is damaged (Mayer 2006) . Acidic properties of ascorbic and citric acid enable them to reduce tissue pH and PPO enzyme activity (Lamikanra and Watson 2003; He and Luo 2007) . The active site of PPO includes two copper atoms. In addition to lowering the pH, citric acid acts by chelating the copper at the active site of the enzyme (Ibrahim et al. 2004 ). Our results showed that PPO activity was decreased in all AA and CA treatments. Another possible role of AA and CA in decreasing the PPO activity may be due to their antioxidative roles, which may decrease the membrane deterioration rate and prevent PPO gene expression (Elad 1992 ).
Conclusions
The results of this study indicated that foliar spray with AA and/or CA significantly improved quality and nutraceutical properties of 'Red Spur' apples. Also, increase in PAL enzyme activity, as a key enzyme involved in phenolics, anthocyanins, and flavonoids biosynthesis, results in improved fruit color and nutritional quality. In this study, foliar application of AA and CA effectively reduced PPO activity. Therefore, foliar spray with 400 mg L -1 CA and/ or 200 or 400 mg L -1 CA during growth season can apply as a safe and environmentally friendly agrotechnical tool to improve fruit quality, nutraceutical properties, and color of 'Red Spur' apples.
Acknowledgement Authors are thankful to vice chancellor research office at the Urmia University for supporting of this study. 
